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ABSTRACT
Satellite communication channels are affected by iono-
spheric scintillation phenomenon, causing signal attenua-
tion. This paper presents the performance of a Wavelet-
Based Multi-Carrier Code Division Multiple Access (WB-
MC-CDMA) under ﬂat scintillation channels, in compar-
ison with the Fourier-Based method. With scintillation,
as the scintillation index S4 increases, the performance of
communication system degrades. The simulation shows
that the WB-MC-CDMA system offers the gain in SNR
twice as much as the FB-MC-CDMA method at bit error
rate = 1 × 10−3. We also show the bit error rate perfor-
mance as a function of simultaneous users.
KEY WORDS
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1 Introduction
Fading caused by the propagation of radio signal through
the ionosphere is of interest to both ionospheric physicists
and communications engineers [1][2]. Scintillation is an
effect caused by unequal electrical charge distribution in
the ionosphere layer. It is statistically modeled as Rician
or Rayleigh signal fading with ﬁnite signal decorrelation
time and limited coherent bandwidth of the transmission
channel [3]. This phenomenon leads to degradation of the
signal in communication channel. Multicarrier modulation
is commonly employed to combat channel distortion and
improves the spectral efﬁciency. The idea of multicarrier
modulation is to divide the transmission channel in to
orthogonal subchannels or subcarriers which implemented
using discrete Fourier transform (DFT) that provides
orthogonal basis between subchannels. Discrete wavelet
multitonemodulation(DWMT)hasrecentlybeenproposed
as an alternative to the DFT-based DMT system [4][5][6].
In general, M-band Wavelet-based system is seen to be
more robust to intersymbol interference (ISI) and narrow
band noise than DMT systems. Wavelet system additional
orthogonality besides offers the orthogonality between
spreading codes and between subcarriers in MC-CDMA
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Figure 1. M-Band Transmultiplexer as a critically sampled
synthesis/analysis multirate ﬁlter banks.
system. Each ﬁlter occupies a narrow band with respect to
the channel spectrum, the distortion in a subchannel can be
approximated by a single amplitude scaling and a delay [6].
In this paper, M-band wavelet transform is imple-
mented using a cosine modulated wavelet to generate the
M-band perfect reconstruction ﬁlter banks. We present
the bit error rate (BER) performance of the Wavelet-based
approach over ﬂat scintillation channels for a downlink
MC-CDMA compared with convention MC-CDMA. The
rest of this paper is organized as follows: In section 2,
we apply the cosine-modulated wavelets to generate ﬁlter
banks in MC-CDMA system. Section 3 presents the
channel model with scintillation effects. Section 4 gives
an overview of system model in transmitter and receiver.
Simulation results are shown in Section 5, and ﬁnally, the
conclusions are given in Section 6.
2 Cosine Modulated Wavelets
An effective approach to combat ISI in fading channels is
using a MC-CDMA system. The structure of conventional
MC-CDMA employs Fourier transform to modulate signal
into several carriers. Multicarrier systems employ DFT ba-
sis to achieve orthogonality between subchannels as shown
by the following equations: [5]
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where W = ej2π/N. We denote the complex-valued
signal points corresponding to the information symbol on
the kth subchannel by X0(k), k = 0,1,2,...,N-1. Hence,
these information symbols {X0(k)} represent the values
of the discrete Fourier transform (DFT) of a MC-CDMA
signal x(n) , and x(n) is an N-point inverse DFT (IDFT)
of X0(k).
Alternatively, we can use the transmultiplexer over
MC-CDMA system. The structure depicted in Figure 1
consists of two sections: synthesis and analysis part. Filter
banks in both parts act on the waveforms and subcarriers
simultaneously and should be orthogonal. An orthogonal
basis based on a M-band wavelet system is a set of cosine
modulated ﬁlters [7] which has the characteristics suitable
for multicarrier modulation systems, i.e., they can be
implemented for perfect reconstructed transmission, and
the frequency response shifting is achieved by modulation
in frequency and phase with cosine function [4]. A type-1
modulated ﬁlter bank with ﬁlters of length N = 2M and
associated with a wavelet orthonormal basis is deﬁned by
[4]
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where i = 0,1,...,M-1 and n = 0,1,...,N-1. In the modulated
ﬁlter bank, the ﬁlters satisfy gi(n) = hi(−n), and the prop-
erties of this ﬁlter are the following:
M−1 X
k=0
Gk(z)Hk(z) = Z−n0 (4)
X
n
gi(n)hi(Ml − n) =

δ(l) , i = j
0 ,i 6= j (5)
where Gk(z) and Hk(z) are the Z-transform of gk(n) and
hk(n) respectively, and δ(l) is the Kronecker delta func-
tion. This means that the composite transmission reduces
to a simple delay.
3 Scintillation
Scintillationiscausedbynon-uniformelectricalchargedis-
tributions in the ionosphere resulting in almost a continuum
of multipath signal components. The simulation model of
ﬂat scintillation communication system is shown in Figure
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Figure 2. Complex baseband channel simulation model.
2. Scintillation can be modeled as ﬂat fading or frequency-
selective fading [3]. Here we consider the case of ﬂat scin-
tillation fading. The measurement of scintillation is, how-
ever, done by the physicists who are often more interested
in the scintillation index commonly known as S4. Inten-
sity of scintillation in terms of the scintillation index can
be written as
S4 =
s
var{|αsc(t)|2}
E {|αsc(t)|2}
(6)
where scintillation coefﬁcient αsc(t) is statistically mod-
eled as a non-zero mean, complex Gaussian random pro-
cess. It is given by
αsc =
p
Ksejφ + nscint(t) (7)
where Ks is proportional to the signal received power via
the line-of-sight (LoS) path. The variable φ is a random
phase shift, uniformly distributed between [−π,π] , and
nscint is a (ﬁltered) complex Gaussian random process
from scattered signal propagation over non line-of-sight
(NLoS) path due to atmospheric scintillation effects. The
statistical analysis of the amplitude scintillation is modeled
by Rician distribution [8][9]. The comparison with the ex-
perimental distribution in short-term period will be shown
later. Relationship between the scintillation index S4 and
the Rician factor K can be expressed as [10]
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This relationship is graphically shown in Figure 3. Notice
that at as S4 = 1 (very strong scintillation), K = 0 and as S4
approaches 0 (no scintillation), K approaches inﬁnity. In
general, S4 is between 0 and 1. When S4 = 0, it translates
to an ideal non-fading channel, with 0 < S4 < 1, it is Ri-
cian fading channel, and with S4 = 1, it is Rayleigh fading
channel. The average envelope power E[α2] = Ωp equals
to r2
s + 2σ2. The Rician factor , K , is deﬁned as the ratio
of the power of the line-of-sight (LoS) component(0.5r2
s)
to the power of the scattered component(σ2). The Rician0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 3. The relationship between Rician factor K and the
scintillation index S4.
distribution in term of the Rician factor K can be written
as [11]
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where I0(x) is a zero-order modiﬁed Bessel function of
the ﬁrst kind.
Figure 4 presents the comparison between the exper-
imental S4 index distribution and Rician distribution
in VHF (Note that Rician factor K is calculated from
equation (9)). According to the results, the experimental
S4 index distribution agrees well with Rician distribution.
Scintillation phenomenon affecting VHF satellite sig-
nals has been observed from October 2002 to April 2003
by receiving carrier wave from Fleet Satellite Commu-
nication (FLTSATCOM) at King Mongkut’s Institute of
Technology Ladkrabang (KMITL), Bangkok. The details
of the experimental system are given in Table 1.
Table 1. Satellite receiving system parameters.
Satellite FLTSATCOM
Receiver Position 100.8◦ E ,13.7◦ N
Receiver Frequency 244.165 MHz
Elevation angle 51.15◦
Azimuth angle 247.53◦
Received Antenna Yagi Antenna, 10 element
Antenna Gain 13.2 dBi
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Figure 4. Probability density functions of amplitude scin-
tillation in VHF.M
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(a) Transmitter.
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(b) Receiver.
Figure 5. The model of WB-MC-CDMA.
4 System Model
4.1 Transmitter Model
The transmitted signal is generated as follows. The input
data symbol dk(i) are binary, k denote the kth user, and i
denotes the ith symbol, which is copied into M branches
and multiplied by Walsh-Hadamard code, and then ﬁltered
with each branch synthesis ﬁlter. Outputs from branch syn-
thesis are summed into Sk(n), a multicarrier signal. The
WB-MC-CDMA signal of the kth user can thus be repre-
sented as
Sk(n) =
∞ X
i=−∞
M−1 X
m=0
dk(i)ck(m)hm(n − iM) (11)
when hm(n) is waveform of cosines modulated ﬁlters at
mth subchannel, acting on the waveform and subcarrier si-
multaneously and are orthogonal.
4.2 Receiver Model
After passing though the scintillation channels, the re-
ceived signal in discrete-time representation is
rn =
K−1 X
k=0
∞ X
i=−∞
M−1 X
m=0
αsc(n)dk(i)ck(m)hm(n−iM)+z(n)
(12)
The received signal includes the effect of scintillation chan-
nel (αsc), and additive white Gaussian noise (AWGN),
z(n), with zero mean and 1-sided power spectral density
N0. The decision variable for the 0th user and the ith sym-
bol is
y0(i) =
K−1 X
k=0
M−1 X
m=0
αsc(n)dk(i)ck(m)
·
N−1 X
n=0
gm(n)hm(iM − n) + z(n) (13)
where N is the ﬁlter length. The transmitter and receiver
model are given in Figure 5.
5 Simulation Results
The simulation results shown in Figure 6 are frequency
structure for Fourier-based and Wavelet-based MC-CDMA
systems. The ﬁrst sidelobe component power of Fourier-
based is about -23 dB, while in Wavelet-based system
is about -45 dB. This reduction in sidelobe power will
improve performance by minimising interchannel interfer-
ence when the signal is transmitted through channel.
The performance is measured in terms of bit error
rate(BER) at various signal to noise ratio(SNR) deﬁned as
SNR = Eb/N0, where Eb is the average energy of each
transmitted bit, and σ2 = N0/2 is the noise variance.
The simulation result under AWGN channel with 4 users
shows that the BER performance of both Fourier-based
(FB-MC-CDMA) and Wavelet-based (WB-MC-CDMA)
systems are similar at Eb/N0 < 8 dB , otherwise, the
WB-MC-CDMA surpasses the Fourier-based approach as
shown in Figure 7. For example, at Pb(E) = 1 × 10−3,
the Wavelet-based method provides the gain of 0.8 dB.
Under scintillation channels, the Wavelet-based sys-
tem offers lower BER performance than Fourier-based
system as seen from Figure 8. For example, for S4 index
= 0.5 and Pb(E) = 1 × 10−3 , the Wavelet-based method
has a gain of 3 dB over the Fourier-based one. Similarly,
for S4 = 0.75, the gain increases to 6.5 dB. Overall, at S4 =
0.25 to 1, the gain in SNR of the WB-MC-CDMA is about
twice that of the FB-MC-CDMA method.
For simultaneous users, we implement the WB-MC-
CDMA at SNR = 14 dB, 16 subcarriers and the user codes
are Walsh-Hadamard codes. The simulation results are
illustrated in Figure 9. As the number of users increases,0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 6. Frequency structure of MC-CDMA systems.
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Figure 9. BER performance under simultaneous users at
the different scintillation index S4.
high scintillation puts the constraint of achievable BER
performance in the system. One can design the system
using these two parameters. Note that once we put too
many users, for example, 16 in the system, the system
is overloaded and the existence of scintillation does not
matter.
6 Conclusions
In this paper, we compare the performance of FB-MC-
CDMA and WB-MC-CDMA system by using the cosine
modulated wavelet technique for channels under iono-
spheric scintillation. When the conventional MC-CDMA is
used in a channel model with scintillation, the performance
decreases. With WB-MC-CDMA, it can be robust against
the effect of scintillation channels more than conventional
MC-CDMA. When one designs a system with the scintil-lation effect in mind, the parameters with the number of
users and the scintillation index S4 are crucial. For future
work, we plan to consider the combined scintillation effect
with other urban fading channels such as Rician fading
and Nakagami fading. In addition, the choice of receiver
design for the combined effect of frequency-selective
scintillation and fading will be investigated.
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